Pregnane steroids have sedative and neuroprotective effects on the brain as a result of interactions with the steroid-binding site of the GABA A receptor. To determine whether the fetal brain is able to synthesize pregnane steroids de novo from cholesterol, we measured the expression of cytochrome P450 side-chain cleavage (P450scc) and 5␣-reductase type II (5␣RII) enzymes in fetal sheep from 72 to 144 d gestation (term~147 d) and in newborn lambs at 3 and 19-26 d of age. Both P450scc and 5␣RII expression was detectable by 90 d gestation in the major regions of the brain and also in the adrenal glands. Expression increased with advancing gestation and was either maintained at fetal levels or increased further after birth. In contrast, the relatively high content (200-400 pmol/g) of allopregnanolone (5␣-pregnan-3␣-ol-20-one), a major sedative 5␣-pregnane steroid, present throughout the brain from 90 d gestation to term, was reduced significantly (Ͻ50 pmol/g) immediately after birth. These results suggest that although the perinatal brain has the enzymes potentially to synthesize pregnane steroids de novo from cholesterol, either the placenta is a major source of these steroids to the brain or other factors associated with intrauterine life may be responsible for high levels of allopregnanolone production in the fetal brain until birth. Abbreviations AP, allopregnanolone, 5␣-pregnan-3␣-ol-20-one P450scc, P450 side chain cleavage enzyme 5␣RII, 5␣-reductase type II enzyme PMC, primary motor cortex GABA A ,␥-aminobutyric acid/benzodiazepine receptor 5␣-DHP, 5␣-dihydroprogesterone Neuroactive steroids such as allopregnanolone (AP) are potent neuromodulators that modify the excitability of the CNS by interaction with the ␥-aminobutyric acid/benzodiazepine receptor-chloride ionophore (GABA A receptor). In the adult AP is a positive allosteric modulator of the GABA A receptor with potent anxiolytic (1, 2), anticonvulsant (3, 4), sedative/ hypnotic, and anesthetic effects (5) on behavior. Prenatally, neuroactive steroids have been shown to suppress fetal activity in late gestation and seem to have a role in maintaining the low level of arousal-like behavior that typifies fetal life (6, 7). This interaction between AP and the GABA A receptor complex is responsible for the major pharmacologic actions of AP and is distinct from the genomic effects exerted by other steroids such as progesterone (8). In the brain, neuroactive steroids such as AP are synthesized de novo from cholesterol, but a proportion of the pool of steroids may be derived from precursors in blood that enter the brain across the blood-brain barrier (9 -11). Thus, peripheral steroidogenesis may influence neuroactive steroid content in the brain.
Pregnane steroids have sedative and neuroprotective effects on the brain as a result of interactions with the steroid-binding site of the GABA A receptor. To determine whether the fetal brain is able to synthesize pregnane steroids de novo from cholesterol, we measured the expression of cytochrome P450 side-chain cleavage (P450scc) and 5␣-reductase type II (5␣RII) enzymes in fetal sheep from 72 to 144 d gestation (term~147 d) and in newborn lambs at 3 and 19-26 d of age. Both P450scc and 5␣RII expression was detectable by 90 d gestation in the major regions of the brain and also in the adrenal glands. Expression increased with advancing gestation and was either maintained at fetal levels or increased further after birth. In contrast, the relatively high content (200-400 pmol/g) of allopregnanolone (5␣-pregnan-3␣-ol-20-one), a major sedative 5␣-pregnane steroid, present throughout the brain from 90 d gestation to term, was reduced significantly (Ͻ50 pmol/g) immediately after birth. These results suggest that although the perinatal brain has the enzymes potentially to synthesize pregnane steroids de novo from cholesterol, either the placenta is a major source of these steroids to the brain or other factors associated with intrauterine life may be responsible for high levels of allopregnanolone production in the fetal brain until birth. Abbreviations AP, allopregnanolone, 5␣-pregnan-3␣-ol-20-one P450scc, P450 side chain cleavage enzyme 5␣RII, 5␣-reductase type II enzyme PMC, primary motor cortex GABA A ,␥-aminobutyric acid/benzodiazepine receptor 5␣-DHP, 5␣-dihydroprogesterone Neuroactive steroids such as allopregnanolone (AP) are potent neuromodulators that modify the excitability of the CNS by interaction with the ␥-aminobutyric acid/benzodiazepine receptor-chloride ionophore (GABA A receptor). In the adult AP is a positive allosteric modulator of the GABA A receptor with potent anxiolytic (1, 2), anticonvulsant (3, 4) , sedative/ hypnotic, and anesthetic effects (5) on behavior. Prenatally, neuroactive steroids have been shown to suppress fetal activity in late gestation and seem to have a role in maintaining the low level of arousal-like behavior that typifies fetal life (6, 7) . This interaction between AP and the GABA A receptor complex is responsible for the major pharmacologic actions of AP and is distinct from the genomic effects exerted by other steroids such as progesterone (8) . In the brain, neuroactive steroids such as AP are synthesized de novo from cholesterol, but a proportion of the pool of steroids may be derived from precursors in blood that enter the brain across the blood-brain barrier (9 -11) . Thus, peripheral steroidogenesis may influence neuroactive steroid content in the brain.
The cytochrome P450 side-chain cleavage enzyme (P450scc) catalyzes the irreversible conversion of cholesterol to pregnenolone on the inner side of the mitochondrial membrane (12) . The primary site of pregnenolone synthesis in the brain seems to be in oligodendrocytes and astrocytes, with significantly less synthesis occurring in neurons (13) (14) (15) (16) . 5␣-reductase catalyzes the irreversible conversion of progesterone to 5␣-dihydroprogesterone (5␣-DHP), the immediate precursor for AP formation. Two isoforms of the 5␣-reductase enzyme have been cloned-both catalyze the same reaction but have different biochemical properties and ontogeny-related expression in the brain (17, 18) . In rat and sheep, the type II isoform is expressed toward the end of gestation through to the early neonatal period (5, 19, 20) and is present in neurons, astrocytes, and glia at these times. The type I isoform is mainly expressed in the adult brain (21) ; however, localization remains unknown.
Our recent studies indicate that the fetal and newborn sheep CNS is sensitive to neurosteroids. Administration of proges-terone to the pregnant ewe or of pregnanolone to the fetus produced behavioral effects consistent with GABA A -mediated actions (22) . Inhibition of 5␣-reductase activity with finasteride produced behavioral effects consistent with reduced activation of GABA A receptors (7). These observations suggest that 5␣-reduced steroids produced in late gestation may regulate the activity of the fetal brain. The aims of this study were to examine the developmental changes in the expression of the two key steroidogenic enzymes, P450scc and 5␣RII, in the fetal and newborn sheep brain and to determine AP content in the brain before and after birth so as to elucidate whether the concentrations of these steroids are sufficient to modulate GABA A receptors in the fetus.
METHODS
All procedures were conducted in accordance with the Code of Practice for the Care and Use of Animals for Scientific Purposes of the National Health and Medical Research Council and had received prior approval from the Monash University Standing Committee on Ethics in Animal Experimentation.
Animals. Pregnant Border Leicester-Merino crossbred ewes carrying fetuses of known gestational age were used. The ewes were housed under 12-h light:dark cycle conditions in individual cages and were fed once daily between 0900 h and 1200 h with water available ad libitum. The ewes and fetuses were killed by injection of an overdose of sodium pentobarbitone (130 mg/kg i.v.) given to the ewe at 72 (n ϭ 4), 90 (n ϭ 4), 113 (n ϭ 4), 126 (n ϭ 4), 132-134 (n ϭ 4), 137-138 (n ϭ 4), 140 (n ϭ 4), and 144 d (n ϭ 4) of gestation (term~147 d). Lambs were obtained from ewes maintained under the same conditions and were killed at 3 (n ϭ 4) and 19 -26 d (n ϭ 4) of postnatal age. Each brain was immediately removed, and blocks corresponding to the following regions were collected: cerebellum; hippocampus; medulla; midbrain; pons; hypothalamus/thalamus; and primary motor (PMC), frontal, parietal, occipital, and temporal cortex. Fetal adrenal glands were also collected. All tissue was frozen in liquid nitrogen and stored at Ϫ70°C.
P450scc and 5␣RII Antisera. Polyclonal antipeptide antibodies were prepared in New Zealand White rabbits following standard protocols (23) . Antibodies against ovine P450scc were raised in three rabbits against a synthetic peptide corresponding to the amino acids 501-515 of the enzyme deduced from the cDNA sequence (24) . Antibodies against 5␣RII were raised in another three rabbits against a synthetic peptide corresponding to the amino acids 227-246 of the enzyme as deduced from the cDNA sequence (25) . Both peptides were synthesized using Fmoc solid-phase peptide synthesis and conjugated to the carrier protein Keyhole Limpet Hemocyanin using maleimidocaproyl-N-hydroxysuccinimide (26) . The purity of the synthesized peptides was verified by reverse-phase HPLC and identified by ion spray mass spectrometry and were of 80% and 94% purity, respectively. Either peptide was mixed with Freund's complete adjuvant (Sigma Chemical Co., St. Louis, MO, U.S.A.) and injected s.c. into six different flank regions of New Zealand White rabbits following standard protocols (23) . A booster injection with peptide suspended in Freund's incomplete adjuvant (Sigma Chemical Co.) was administered 3 wk after the initial immunization. A further booster was given 3 wk after the first booster dose. Serum was collected from an ear artery bleed before each immunization and 10 -14 d after each booster injection. Antibody content from each bleed was assessed using an ELISA assay as previously described (27) .
Immunoblotting. Cytochrome P450scc and 5␣RII expression in the ovine brain and adrenal glands was determined by Western immunoblotting as previously described (28) . In brief, frozen samples (~0.1 g) from each brain region or adrenal glands were powdered on solid CO 2 using a mortar and pestle and then homogenized in 1.5 mL of ice-cold homogenizing buffer [50 mM Tris-HCl, 2 mM EDTA, and 0.05% (vol/vol) Nonidet P-40 and 0.1 mM phenylmethylsulfonyl fluoride (pH 7.4)]. The homogenate was centrifuged, and the supernatant was then concentrated by precipitation with 40% saturation of ammonium sulfate. The pellet was resuspended in distilled water, and protein content was determined in an aliquot according to the method of Bradford (29) using BSA as a standard. Protein (15 g) was separated using 10% SDS-PAGE and then transferred to 0.2 M polyvinylidene difluoride membranes (Osmonics, Westborough, MA, U.S.A.) by electroblotting. Membranes were then blocked in TBST [25 mM Tris, 14 mM sodium chloride, 0.2% (vol/vol) Tween-20 (pH 7.4)] containing 5% (wt/vol) skim milk powder. The membrane was incubated with a 1:3000 dilution of either the P450scc or 5␣RII antibody in TBST and then washed with TBST and incubated with a 1:3000 dilution of a horseradish peroxidase-conjugated goat anti-rabbit IgG (Dako, Glostrup, Denmark). The immune complexes were visualized by chemiluminescence using the Amersham ECL detection system (Amersham, Buckinghamshire, England). Chemiluminescence on membranes was captured using BioMax ML autoradiograph film (Eastman Kodak, Rochester, NY, U.S.A.). Immunoblots were scanned and analyzed using ImageQuaNT software (Amersham, Buckinghamshire, England). The densities of the bands were determined and were individually corrected for background by subtracting the density of the blank background area immediately below each band.
The specificity of each antiserum was assessed by using primary antiserum that had been preabsorbed with 10 g of the appropriate purified antigen for 24 h at 37°C before use (Fig.  1 ). Preimmune serum was also incubated to assess the degree of nonspecific binding ( Fig. 1) To allow the comparison of expression at all gestational and neonatal ages for a particular brain region, we loaded samples for each region at each fetal or neonatal age onto two 20-lane gels that were run under identical conditions. A brain sample from a late-gestation fetus was used as a reference/positive control and was loaded on the first lane of each of the two gels. was powdered on dry ice and then extracted with 50% methanol containing 1% acetic acid. After centrifugation, the supernatant was collected and the pellet was reextracted twice with the above solvent. The supernatants were combined and applied to Sep-Pak C-18 cartridges (Waters Corp, Milford, MA, U.S.A.) previously equilibrated with absolute methanol, followed by 50% methanol and then 50% methanol ϩ 1% acetic acid. Plasma samples (0.1 mL) were mixed with 50% methanol ϩ 1% acetic acid (1:10) before loading on the Sep-Pak cartridges. After the samples were loaded, the cartridges were washed with 50% methanol ϩ 1% acetic acid, followed by 50% methanol. The steroids were then eluted with 100% methanol, the collected fractions were dried under N 2 , and the steroids were resuspended in 1.0 mL of assay buffer (0.1 M PBS, pH 7.0). Two additional samples of brain, adrenal glands, and plasma containing tritium-labeled steroid were extracted in parallel with each extraction run to estimate extraction efficiency. Recovery of AP, progesterone, and pregnenolone from plasma was 75%, 91.75%, and 91.75%, respectively (n ϭ 1 extraction). Recovery from brain was 77% Ϯ 6%, 66% Ϯ 4%, and 75% Ϯ 6%, respectively (n ϭ 3 extractions). Recovery from adrenal glands was 95% (n ϭ 1), 88% (n ϭ 1), and 90% (n ϭ 3), respectively. Corrections for losses during extraction were included in final calculations.
AP was measured by specific RIA as previously described (31) . Briefly, AP standard was purchased from Sigma Chemical Co. Aldrich and was used to prepare a standard curve ranging from 0 to 3.1 pmol/tube. Pregnan-3␣-ol-20-one, 5␣ϭ [9, 11, 12 ,3H(N)] (45 Ci/nmol, 3 H-AP) was obtained from Geneworks (Adelaide, Australia). A polyclonal antisera raised in sheep against AP carboxymethyl ether coupled with BSA was purchased from Dr. R.H. Purdy (Department of Psychiatry, Veterans Administration Hospital, San Diego, CA, U.S.A.), which has been previously characterized (32) . The cross-reactivities for the AP antisera were 6.5% for 3␣-hydroxy-5␤-pregnan-20-one (progesterone); 0.7% for pregn-4-ene-3,20-dione; and Ͻ0.1% for 5␣-pregnane-3,20-dione, 5␤-pregnane-3,20-dione, 20␤-hydroxy-5␣-pregnan-3-one, 5␣-pregnane-3␣,20␣-diol, 3␤-hydroxy-5␣-pregnan-20-one, 5␤-pregnane-3␣,20␣-diol, 3␤hydroxy-5␤-pregnan-20-one, and 5␣-pregnane-3␤,20␣a-diol (32) . Extracts from brain, adrenal glands, and plasma that contained AP in the range of concentrations found in respective samples serially diluted in parallel with the standard curve. The limit of detection for AP was 0.19 Ϯ 0.03 pmol/tube (n ϭ 3), and the interassay coefficients of variance were as 5% and 9%, respectively.
Pregnenolone and progesterone were measured by specific RIA as previously described (31) . The pregnenolone antibody was purchased from ICN Biomedicals (Seven Hills, NSW, Australia). The cross-reactivities for pregnenolone were 3.1% for progesterone; Ͻ1.0% for AP; and Ͻ0.1% for 5␣-dihydroprogesterone, deoxycorticosterone, 17␣-hydroxypregnenolone, 20␣-dihydroprogesterone, cortisol, dihydroepiandrosterone, 11-deoxycortisol, corticosterone, 5␣-dihydrotestosterone, estradiol-17␤, and 20␤-dihydroprogesterone. Brain extracts containing pregnenolone at similar concentrations to that found in the brain were found to be serially diluted in parallel with the standard curve. The limit of detection for pregnenolone was 0.09 Ϯ 0.02 pmol/tube (n ϭ 3), and the interassay coefficients of variance were 5% and 16%, respectively. The progesterone antibody was provided by Dr. J. Malecki (Bairnsdale, Victoria, Australia), which also has been previously characterized (33) . The cross-reactivities for the progesterone antisera were 43.8% for 11␣-hydroxy-progesterone; 15.9% for 5␣-pregnane,3␣-ol,20-one; 10.0% for 5␤-pregnane,3␣-ol,20-one; and Ͻ1.0% for corticosterone, 17␣-hydroxyprogesterone, 20␣-hydroxy-pregnane,3-one, 11-deoxycortisol, 5␣-pregnane,3␤-ol-2-one, 5␣-pregnane,3␣,17␣-diol-20-one, 5␤-pregnane,3␣,17␣,20␣-triol-20-one, 5␤-pregnane,3␣,17␣,20␣-triol, dehydroepiandrosterone, and cortisol. The limit of detection for progesterone was 0.12 Ϯ 0.02 pmol/tube (n ϭ 3), and the intra-and interassay coefficients of variance were 8% and 19%, respectively. Statistical Analysis. Data are shown as mean Ϯ SEM. All data were analyzed using statistical software (SPSS Version 9.0; SPSS, Inc., Chicago, IL, U.S.A.). One-way ANOVA followed by Fischer's LSD test was used to determine significance between each age group. P Ͻ 0.05 was considered to be statistically significant.
RESULTS

Specificity of Antibodies
All three antisera raised against the P450scc peptide showed no cross-reactivity with 5␣RII as tested by ELISA and Western immunoblotting, and produced a single band on immunoblots of fetal brain tissue at 50 kD (Fig. 1) . The antiserum with the highest titer and specificity was selected for subsequent studies. Two of the antisera raised against the 5␣RII peptide produced a single band at 26 kD (the expected size of ovine and human 5␣RII), and the antiserum with the highest titer was selected for subsequent studies (Fig. 1) . A third antiserum produced two bands at 23 kD and 26 kD, representing both 5␣RI and 5␣RII, respectively, and was not used. Preimmune sera did not react to either of the two synthesized peptides. Neither of the two selected antisera showed detection of any bands on immunoblots when preabsorbed by incubation with their respective antigen (Fig. 1) . These two antibodies were Figure 1 . Validation of ovine P450scc (A) and 5␣RII (B) antisera raised in rabbits. There was a strong band at the 50 kD position for P450scc when the blots were incubated with the ovine P450scc antibody (A) and a strong band at the 26 kD position for 5␣RII when the blots were incubated with the 5␣RII antibody (B). No bands were observed when the blots were incubated with preimmune sera (Pre) or when the blots were incubated with antisera that had been preabsorbed with their respective antigen (Abs).
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used for the subsequent studies of P450scc and 5␣RII expression in fetal and newborn tissue.
Expression of P450scc and 5␣RII
Regional P450scc and 5␣RII Expression in the Brain. The relative abundance of P450scc and 5␣RII expression in the different brain regions was assessed at two fetal (90 and 126 d gestation) and two postnatal ages (3 and 26 d old) is shown in Figure 2A and 2C. Expression is shown in a single representative animal at two gestational (90 and 126 d gestational age) and two postnatal ages (3 and 26 d of postnatal age). As shown in Figure 2 , all regions at each gestational or postnatal age were examined on individual immunoblots; however, a sample from a late-gestational fetus was included in each blot as a positive control and was loaded as a reference to compare between gels. At 90 d gestation, the highest relative expression of both P450scc and 5␣RII occurred in the medulla, midbrain, and pons (Fig. 2, lanes 3, 4, and 5 ). The high expression was also present at 126 d gestation and 3 d postnatal. Expression in the hypothalamus/thalamus (lane 6) and all regions of the cortex examined (lanes 7-11) was low relative to the brain stem regions at 90 -126 d gestation and seemed to increase postnatally. Figure 2C and 2D shows P450scc and 5␣RII expression, respectively, in all brain regions at 126 d gestation and indicates that the differences observed between brain regions were consistently seen in four different fetuses.
Gestational Changes in P450scc and 5␣RII Expression in the Brain. For determining the changes in expression of P450scc and 5␣RII with developmental age, gels that contained samples of a particular brain region for each fetal or neonatal age were run. In general, expression of both enzymes increased with advancing gestational age, with the highest fetal levels occurring in the 126-d or 137-to 138-d gestational age groups (Fig. 3) . For most areas of the brain, enzyme expression was increased further in the postnatal groups, the exceptions being P450scc expression in the medulla, which decreased slightly after birth, and 5␣RII expression in the hypothalamus/ thalamus and PMC, where postnatal levels were similar to those found in the fetal brain. The cerebellum was most notable for the progressive increase of expression of both enzymes from midgestation to at least 3 wk after birth (Fig. 3) .
Gestational Changes in P450scc and 5␣RII Expression in the Adrenal Glands. Both P450scc and 5␣RII expression was present in the adrenal glands from 72 d gestation. P450scc expression increased significantly between 126 and 137-138 d gestation, and the postnatal levels were similar to those found in the late-gestation fetus (Fig. 3) . 5␣RII expression also increased significantly between 126 and 137-138 d gestation, and there was a further significant increase between 3 d and 19 -26 d after birth (Fig. 3) .
Brain Steroid Content
AP was detected in the hippocampus, hypothalamus/ thalamus, medulla, PMC, and cerebellum at all gestational and postnatal ages examined (Fig. 4A) . The highest AP content occurred in late gestation (126 d or 137-138 d) for all regions except the medulla, where the highest content was observed at 90 d. In contrast to fetal content, AP was markedly lower at both 3 and 19 -26 d of postnatal age in all regions examined. Progesterone content was low to undetectable in all brain regions in fetuses at 72 d gestation (Fig. 4B) . The highest content was observed in the fetal brain at either 113 or 126 d gestation and had decreased significantly by 144 d gestation, before markedly decreasing further after birth. Pregnenolone was detected in all brain regions from 72 d gestation, and peak content was found at 113 d gestation with a gradual but significant decrease from this peak by 144 d gestation (Fig.  4C ). There was a further significant decrease of pregnenolone content after birth to very low to undetectable levels in all brain regions in lambs of 19 -26 d at postnatal age.
Adrenal Steroid Content
Adrenal AP, progesterone, and pregnenolone content increased with advancing gestation (Fig. 5) . AP content was highest at 144 d gestation and then decreased significantly after birth (Fig. 5A) . Progesterone content increased progressively from 90 d to 140 d gestation; these levels were maintained until at least 3 d after birth and then decreased significantly by 19 -26 d of age (Fig. 5B) . Pregnenolone content also increased progressively from 90 d gestation, until at least 3 d of postnatal age, followed by a significant decrease in the 19-to 26-d-old neonate (Fig. 5C ).
Plasma Steroid Content
AP, progesterone, and pregnenolone were detectable in plasma at all fetal and neonatal ages examined (Fig. 6) . The highest AP content was observed in fetal plasma between 113 and 137-138 d gestation (Fig. 6A) , with content falling progressively after birth. Progesterone content increased progressively from 72 d gestation and was highest at 137-138 d gestation (Fig. 6B) , before decreasing significantly by late gestation (144 d) and decreasing further after birth until reaching the limit of detection (1.2 Ϯ 0.2 nmol/L) in the 19-to 26-d-old neonate. Pregnenolone content increased progressively with gestation until at least 144 d gestation (Fig. 6C) and 
DISCUSSION
The principal finding of this study was that two key steroidogenic enzymes, P450scc and 5␣RII, were strongly expressed in the hippocampus, hypothalamus/thalamus, medulla, PMC, and cerebellum of both the fetal and neonatal brain and also in the fetal adrenals. The overall expression of both enzymes was low before 90 d gestation and increased toward term, and in most regions, expression of the enzymes was then either maintained or increased further in postnatal life. Second, AP content in the brain, which was consistently high throughout late gestation, decreased profoundly at birth despite the high and sometimes increased levels of expression of the two steroidogenic enzymes in the postnatal brain.
We measured the expression of P450scc to determine whether pregnenolone, the obligate precursor for neuroactive steroid production, could be produced in the fetal brain. The finding that this enzyme was strongly expressed prenatally suggests that de novo pregnenolone production occurs in utero in the brain of this long gestation species. Although we are not able to partition the brain content of pregnenolone between peripheral and brain sites of production, the profound decrease of pregnenolone in the brain and plasma after birth suggests that the placenta may make a significant contribution to brain pregnenolone levels in fetal life. Alternatively, there may be a significant decrease in the mobilization of cholesterol at birth or that removal of the placenta and the intrauterine environment reduces another unidentified factor that induces pregnenolone production in the fetus.
Immunoreactive P450scc has been observed in the rat CNS from embryonic day 9.5 continuing throughout prenatal development (12) , with the primary site of pregnenolone synthesis occurring in oligodendrocytes and astrocytes and with lower levels in neurons. P450scc is strongly expressed in the white (34) , and neuronal expression of P450scc is generally lower than that of glia (13) (14) (15) (16) . Interestingly, the cerebellar Purkinje cell possesses this steroidogenic enzyme and produces neurosteroids de novo in a number of vertebrates, including mammalian species (20, 35, 36) , particularly fetal and neonatal sheep (20) . This is consistent with the high level of cerebellar P450scc expression found in the present study. The relative differences in the expression of P450scc and 5␣RII between the different areas of the brain at a particular age may be attributed to differences in glia/neuron composition, and changes with age may be attributed to the different rates of proliferation and maturation of glia in particular areas of the brain. The finding that 5␣RII is strongly expressed in the fetal brain suggests that de novo production of 5␣-reduced progesterone metabolites is possible in the brain of fetal sheep.
The disparity between plasma and brain progesterone concentration and AP content before 126 d gestation further supports 'de novo' synthesis in the brain. Progesterone produced in the brain may be rapidly converted to AP, accounting for the lower brain progesterone content at this time. Our findings are consistent with studies in the rat, which showed that AP content in the brain does not decline in parallel with the prepartum fall in plasma progesterone concentrations (37) . Alternatively, the marked decline in AP after birth, despite the continued strong expression of P450scc and 5␣RII, suggests that a minimal supply of peripheral precursors is required to maintain the high AP content in the fetal brain. The ovine placenta contains abundant P450scc and 3␤-hydroxysteroid dehydrogenase and produces large amounts of progesterone, some of which is converted to 3␣-hydroxyprogesterone and 20␣-hydroxyprogesterone on reaching the fetal circulation (38) . These metabolites may function as precursors for conversion to AP by 5␣RII in the fetal brain. However, the brain also contains high levels of 3␣-hydroxysteroid oxidoreductases (39) , which are required for the conversion of 5␣-reduced progesterone metabolites to AP. Therefore, the provision of 3␣-reduced metabolites may not be essential for AP production. Although 3␣-hydroxysteroid oxidoreductase is required to produce AP, P450scc is known to be the slowest ratelimiting (V max and K m ) steroidogenic enzyme (12) and 5␣RII is considerably slower (V max ) than 3␣-hydroxysteroid oxidoreductase (40, 41) . Kokate et al. (42) showed that the regional distribution of 5␣-DHP and AP are similar throughout the rat brain and differ markedly from the distribution of progesterone. These findings suggest that the 5␣-reduction step may be critical in determining the quantity of 5␣-reduced progesterone metabolites either produced from progesterone within the fetal brain or derived from precursors entering the brain from the blood.
Two isoforms of 5␣-reductase have been identified, type I and type II, encoded by separate genes. 5␣RI enzyme gene expression is constitutively expressed in the rat CNS at all stages of brain development, and expression is similar in male and female rats (21) . The regulation of the 5␣RII gene is different and is transiently expressed in the rat brain in late fetal/early postnatal life, and it has a 10-to 20-fold higher affinity for progesterone than the type I isoform (41) . In the adult, expression is increased acutely after stress (21) but otherwise remains low and restricted to a few regions such as the hypothalamus. The action of 5␣RII may be crucial for the local intracerebral formation of active anxiolytic/anesthetic steroids, derived from progesterone and some corticoids. In late gestation and at birth, when the 5␣RII isoform is highly expressed, the high plasma levels of progesterone and its metabolites may be the substrate for the production of 5␣-reduced, 3␣-hydroxylated anesthetic compounds, such as AP. Thus, high maximal progesterone content and maximal 5␣RII expression could be responsible for attenuating the stress of parturition in newborn animals (21) . It is known that in the adult, sex differences can affect neurosteroid content; however, previous findings in the rat suggest that sex differentiation of brain neurosteroid levels does not occur until after 25 d postnatal age (43) . Thus, it is likely that neurosteroids have similar roles in the male and female perinatal brain.
We have shown that GABA A receptor concentrations, equivalent to those in the adult brain, are present in the fetus (22) . Importantly, the receptors in the fetal brain were more sensitive to AP, compared with the receptors in the adult brain (22) . Our previous studies have also demonstrated the sedative effects of systemically administered pregnenolone and progesterone (44, 45) and an increase of fetal wakefulness produced by treatment with finasteride, a potent 5␣RII inhibitor (7) . The brain content of AP observed in the present study would be sufficient to modulate fetal GABA A receptors and increase the activity of GABAergic pathways in the fetal brain (22) . Neurosteroids, including AP, also have neuroprotective functions (8) , particularly in the hippocampal region. AP administration exerts a potent neuroprotective effects in cell viability studies in rat hippocampus slices and in primary hippocampal cultures as the steroid attenuates glutamate-induced increases of intracellular calcium (46) . Thus, high levels of AP may protect the fetal brain; for example, neurosteroids that protect neurons after hypoxic or asphyxic episodes could be beneficial to the developing fetus.
We conclude that 5␣RII and P450scc are expressed in the ovine fetal brain throughout the second half of gestation, and if the expressed protein leads to the formation of active enzyme, then this may allow the synthesis of 5␣-pregnane steroids in the fetal brain. The decrease of AP at birth suggests that the placenta or another intrauterine factor has a critical role in maintaining the high content of AP in the brain, prenatally. Given the differences between brain and plasma content, it is likely that the high content of AP in the fetal brain results from both placental supply of precursors and in situ production in the CNS. Overall, our findings suggest that the loss of the placenta at birth leads to the dramatic decline in AP content in the brain of the newborn. This may remove a sedation-like effect from brain activity but may also leave the neonatal brain more vulnerable to excitotoxic injury induced by adverse events in the postpartum period.
